Abstract-Analytic formulas and Monte Carlo simulation are used to calculate and compare the sensitivity of circular and polygonal orbits at different points in the Field of View (FoV) for both pinhole and slit-slat collimation. Results show that for a given slitslat collimator an -sided polygonal orbit tangent to the FoV generally provides average sensitivity lower than the tightest circular orbit consistent with the same aperture angle, but with better spatial resolution that can be traded for sensitivity for a constant-resolution comparison. This generally results in a slight advantage for the polygonal orbit. However, this advantage depends on the clearance that must be allowed between the orbit and the FoV and decreases quickly, vanishing when even a few millimeters of space are left, which in practice is necessary to accommodate mechanical constraints. For a pinhole collimator the advantage for the tangent polygonal orbit is more consistent, but similar conclusions are reached again when clearance is considered. A direct comparison at constant resolution between slit-slat and pinhole collimation in a single transverse plane is shown to be possible with parameters typical of small-animal imaging applications only for detectors with excellent intrinsic resolution; in this case, pinhole collimation is shown to be more sensitive in magnifying geometries, but reduced axial FoV and increased axial blurring should also be considered for a more complete comparison.
I. INTRODUCTION
T HE use of polygonal orbits (often called linear in the literature) has been suggested [1] and evaluated [2] because of the favorable computational speed in the face of equivalent accuracy of reconstruction as compared to classic filtered backprojection. More recently, the technique has been evaluated experimentally in clinical [3] and small-animal [4] settings. Slit-slat collimators combine parallel slats, which provide parallel collimation in the axial direction, with a slit running along the axial direction, which provides collimation much like a pinhole within each of the transverse slices formed by the slats. Slit-slat collimators have been applied in small-animal [4] as well as in cardiac and brain imaging [5] . Their use in combination with polygonal orbits has been reported to result in very substantial sensitivity advantages at constant resolution when compared to a single pinhole [4] , although in a recent paper Metzler et al. have shown that this advantage cannot be ascribed to the use of a slit-slat in place of a pinhole collimator [6] . This paper investigates whether the use of a polygonal instead of a circular orbit offers an advantage. In fact, since, as we shall see, polygonal orbits can be inscribed in a circular orbit while preserving data completeness for the same acceptance angle, a sensitivity advantage can possibly derive from the shorter distance of approach. However, due to truncation, not all points of the Field of View (FoV) contribute to projections at all times during the scan. Further, sensitivity may also be affected because polygonal orbits, especially if tight, see the FoV with incidence angles different from those of a circular orbit. Recent theoretical, computational and experimental work has provided and validated formulas for the resolution and sensitivity of slit-slat collimators [6] - [9] . These formulas, and their pinhole analogues, allow an analytical and numerical investigation of whether the gain in distance of approach overcomes the loss, if any, in incidence angle and dwelling time at different points in the FoV. For generality, both pinhole and slit-slat collimators are compared along circular and polygonal orbits.
In the following, completeness conditions and relevant literature formulas for sensitivity are briefly recalled to determine the orbits that will be compared later. Next, formulas are used to predict sensitivity at the center of the FoV for both collimators. Numerical integration is used to compare average sensitivities for the more relevant case of a disk source for both collimators and orbits. At first, these calculations compare the performance of a given collimator along different orbits and, thus, do not account for the different resolutions that either collimator provides along different orbits. Then, sensitivity results are rescaled to repeat comparisons at constant resolution. Finally, to gain further insight on the differences between the two collimators, an analytical and numerical comparison of performance on a single transverse plane is also presented: the resolution of a pinhole and a slit-slat collimator are matched and sensitivities are then directly compared at constant resolution.
In the next section, polygonal orbits are found to allow complete sampling even in the presence of truncation. It is then possible to consider the limiting case of polygonal orbits tangent to the FoV. Although tangent polygonal orbits can in principle be implemented with a Single-Knife-Edge (SKE) profile [10] , the reader should be cautioned that they are not a realistic option because of the space necessary to accommodate, e.g., animal housing, anesthesia and the scanner's bed; they are considered because of theoretical convenience and as an upper performance limit for polygonal orbits. Since the results will show that polygonal orbits provide an advantage only in this case, and that this advantage vanishes when even the minimal (a few millimeters) clearance that is necessary in practical cases is allowed, the conclusion will be reached that polygonal orbits do not provide a sensitivity advantage except for unrealistic imaging scenarios or perhaps specialized applications.
II. GEOMETRY AND MATHEMATICAL PRELIMINARIES
In a transverse plane, consider a circular FoV of radius , scanned with a pinhole (or the slit of a slit-slat collimator; see Fig. 1 ). The pinhole (or slit) is assumed to have a SKE profile (for closer positioning) with a total acceptance angle and width negligible compared to the size of the orbit for simplicity of the analytical discussion. The numerical and MC calculations below model all physical dimensions precisely.
Two orbits are considered around this FoV: a circular orbit of radius and a regular polygon whose inscribed circle has radius . Clearly ; in the extreme case the polygonal orbit is tangent to the FoV. A concrete example of the theoretical convenience of tangent polygonal orbits is found in the next section, where the completeness conditions in the plane of the orbits are investigated: proving that a tangent polygonal orbit is complete proves at once that wider polygonal orbits are complete too.
A. Sampling Completeness
If the line integrals along all lines passing through all points of the FoV are collected at least once along the orbit, all parallelbeam projections of the object can be obtained by rearranging the data. Well-known theorems can then be applied to state that in the plane of the orbit a complete dataset is acquired [11] .
The path of each line integral intersects any convex orbit at two (possibly coincident) points, where the path enters the pinhole (or slit) with incidence angle (see Fig. 2 ). All line integrals are collected if the minimum of and is less than for each line. Thus, completeness is ensured if the maximum of all minimum 's is less than or equal to . This condition applies to all types of orbit.
For a circular orbit, inspection of Fig. 2 shows that must be larger than for all line integrals to be collected. This condition also avoids data truncation. For an -sided polygonal orbit, first consider the case . Inspection of Fig. 2 shows that, for paths intersecting two adjacent sides, . The largest minimum is obtained when , regardless of the polygonal orbit being tangent to the FoV. 1 The condition for a complete dataset is again , i.e. . Unlike for a circular orbit, in the case of a polygonal orbit this condition does not exclude truncation: data will be truncated, but will still be complete because all line integrals are collected at least once along the orbit.
In the more general and relevant case (polygonal orbits not tangent to the FoV), it is possible to observe that the FoV is a subset of the FoV tangent to the polygonal orbit considered, which is complete if ; therefore the smaller FoV considered is also complete.
In the following, it is assumed that designs will adopt the minimum , , e.g. to minimize penetration.
B. Sensitivity Formulas
The sensitivity along the orbit can be evaluated by proper averaging of the point-source sensitivity of the pinhole [12] (1) or of the slit-slat collimator [7] (2)
where the pinhole has been assumed square, with side ; is the distance from the point to the plane of the pinhole (or slit); is the incidence angle; is the slit width; and 1 In the case of non-adjacent sides + < (1 0 2=N), which does not provide the largest minimum (unless the relationship expressing the condition of FoV not intersecting the diagonals connecting second-nearest vertices, R > RoV cos(=N)=cos(2=N), is satisfied, in which case the polygonal orbit is too large and is outside the range considered and described in Section III-B).
is the gap between the slats, which have thickness and height (the dimension of the slats perpendicular to the plane of the detector).
These formulas are recognized to diverge for ; this is because their derivation assumes and for the pinhole and slit-slat collimator, respectively. If these conditions are not satisfied, more complex, non-diverging formulas should be used instead. For pinhole collimation, the exact expression of the solid angle subtended by a square opening [13] was used for numerical integration; (21) in [8] was used for slit-slat collimation. Of course, for and , these formulas reduce to (1) and (2), respectively.
C. Resolution Formulas
The full width at half maximum (FWHM) resolution formula for a pinhole is the same in both the axial and transaxial direction. It is given by [12] ( 3) where is the distance from the pinhole to the detector (focal length) and is the intrinsic resolution of the detector, also measured in FWHM. Metzler et al. have proposed [6] and verified experimentally [9] that for slit-slat collimation (3) can be used transaxially (with replacing ), i.e. in the direction collimated by the slit, whereas axially it is possible to use the same resolution expression of a parallel-hole collimator [12] :
III. SENSITIVITY ESTIMATES

A. Analytical Calculation
The formulas of the previous section estimate sensitivity at a point as a function of its location relative to the aperture. The calculation of sensitivity at a point averaged along the orbit is set up as the integral along the path of the orbit (of length ) of point source sensitivity:
For a point source at the center of the FoV, remains constant along both types of orbits, although at two different values. The average, thus, is only an average over the incidence angle , which appears only as . For example, for a polygonal orbit and a pinhole, (5) becomes (6) in which it was recognized that because of the symmetry of the problem only half of one side of the polygon needs to be considered. With our choice of , this formula is valid for . It is also valid for if is assumed so that the center of the FoV is never truncated. From Fig. 1 , with the source at the center, ; integration of (6) gives (7) For the same orbit and a slit-slat collimator:
Integration along a circular orbit is trivial for a point source at the center because . For a pinhole:
for a slit-slat collimator:
In (7)- (10) represents the distance from the point source to the plane of the pinhole or the slit.
B. Choice of Orbits
Once again, it is instructive to consider the theoretical case of a polygonal orbit tangent to the FoV, for which . As previously discussed, mechanical constraints prevent the implementation of tangent orbits of any shape, but usually do not affect the tightest circular orbit, which is not tangent to the FoV and already allows sufficient clearance. Polygonal orbits of inscribed radius , thus, were considered along with a single circular orbit of fixed radius assumed as reference. For the same adopted for a polygonal orbit, . When both orbits have the same clearance; the polygonal orbit lies entirely outside the circular orbit, which, then, is expected to provide better performance. This expectation can be supported, for example, by substituting the same value for in (7)-(10) and calculating that for both collimators, at any radius. More in general,
, where for slit-slat collimators and for pinhole collimators. For these reasons, the following considers only the polygonal orbits that have inscribed radii in the range . A summary of the orbits is sketched in Fig. 3 , which also shows the point-source sensitivity ratio as a function of the clearance allowed by the polygonal orbit, given by for both a slit-slat and a pinhole collimator. Use of (7)- (10) shows that the ratio is independent of . From its definition and the range of , clearance is found to scale with and, thus, is more conveniently and generally treated via the dimensionless variable . More specifically, . For a point source, breakeven can be calculated to occur for in the case of a slit-slat collimator and for pinholes. 
C. Numerical Integration
In the previous section, a first comparison between orbits has been attempted; it will be discussed more in depth in Section IV-A. It is noted here that several assumptions have been made. First, sensitivity was estimated only at the center of the FoV. A more indicative quantity is often an average over the whole FoV, which can be obtained by considering a disk source instead. Second, the collimator was assumed to be the same along both orbits. Whereas this comparison is relevant to decide on which orbit a pre-existing collimator should be used, an evaluation at constant resolution is also interesting for a direct comparison of different collimator designs. Section III-E.1 describes how this was implemented.
An analytical treatment may be possible when certain combinations of these hypotheses are assumed, but it was not attempted. Instead, numerical integration was used with sensitivity formulas in their more complex versions that do not diverge for , so that demanding cases such as tangential orbits could still be treatedreliablyforcompletenessattheminimalexpenseofhaving to implement more involved formulas. Two activity distributions were considered: a point source at the center of the FoV (to validate the results of Section III-A) and a uniform disk covering the whole FoV (i.e. a disk source of radius ). For the latter distribution, emission points were chosen at random within the disk for each position of the aperture along an orbit. Next, the program evaluated truncation of the projection of the pinhole (or slit), both at its back side (i.e. facing the detector) and on the detector. Then, sensitivity was calculated according to the non-diverging formula applicabletothecollimatorconsidered (seeSectionII-B).Finally, all results were summed and divided by the number of emission points within the source and vantage points along the orbit. A number of emission points resulting in less than 1% uncertainty was used. Results for the case of a pinhole scanning a disk source along a square orbit are shown in Fig. 4 .
D. Monte Carlo Simulation
Two sets of MC estimates were also obtained for validation. First, a simple MC program was written in C++ to simulate isotropic emission from a point source. The program calculated correspond to those found in Table I . Resolution matching follows Section III-E.1.
The RoV assumed was 15 mm. All parameters are indicated at the beginning of Section III-E.1.
the intersection of the path of photons emitted from different points of the sources considered with the planes of the pinhole (or slit) and the detector; for slit-slat collimation, intersection with the slats was also evaluated. Photons passing through the collimator and hitting the detector were counted and sensitivity calculated as the fraction of emitted photons hitting the detector. Second, a GEANT4 program was used to simulate identical conditions for cross validation. GEANT4 runs typically followed histories, leading to uncertainties of less than 1% in all cases. Scatter and penetration were modeled in neither program.
E. Matching Resolutions via Renormalization
1) Same Collimator, Different Orbits:
The main goal of this study is to determine if sensitivity is higher along a polygonal or a circular orbit for a given collimator. For a fair comparison, it is necessary to match resolution along both orbits. This is possible only approximately, because matching resolution at all points of the FoV everywhere along the orbit is impossible. Although the reconstructed point-spread function is not isotropic [3] , for the point at the center of the FoV the geometric FWHM of the projection of an ideal point source on the detector is constant along both orbits. For these reasons, resolution was matched at the center of the FoV. The implications of this approximation were verified in the case of collimators having mm, mm, mm, mm, mm, mm, mm and mm. These values are suitable for a mouse-imaging application. The detector was assumed to have a transaxial width of 398.72 mm and an axial length of 242.08 mm (Picker Prism 3000XP. Philips Medical Systems, Andover, MA). Fig. 5 shows that matching resolution at the center also approximately matches resolution throughout the FoV and that a very minor adjustment is needed axially for the slit-slat collimator considered.
The orbits considered are those described in Section III-B. Transaxial resolutions are matched by calculating the pinhole (or slit) width that results in the same resolution for the circular orbit as the resolution provided by the pinhole (or slit) width along the corresponding polygonal orbit. is substituted with into (3); similarly is substituted with also into (3), thus obtaining one equation for the circular and one for the polygonal orbit.
is obtained by equating and solving for . Finally, is used in place of in (1) with to calculate the sensitivity along the circular orbit of a pinhole having the same resolution as a pinhole of width scanning the polygonal orbit.
For a pinhole, this procedure will also match axial resolution. For a slit-slat collimator, axial resolution is matched by calculating the ratio which results in the same resolution for the circular orbit as the resolution provided by the ratio along the corresponding polygonal orbit. To maximize the sensitivity of the collimator, the resulting is assumed to be implemented with the maximum compatible with the geometry, which is , so that . This choice maximizes the ratio appearing in the expression of the sensitivity of the resolution-matching collimator, where was assumed to be the same as in the non-matched case. To calculate the sensitivity along the circular orbit of a slit-slat collimator having the same resolution as a slit-slat collimator with slat aspect ratio and slit width scanning the polygonal orbit, , and are substituted into (2) for , and , respectively, with . Since , , and are multiplicative factors, numerical estimates of resolution-matched sensitivity can be obtained by rescaling non-matched sensitivities, i.e. by dividing by , , and and multiplying by , , and .
2) Different Collimator, Same Orbit:
A direct comparison between pinhole and slit-slat collimation is also possible, but requires additional considerations. As long as the slit width equals the pinhole size , transaxial resolution is the same for a pinhole and a slit-slat collimator; to match the axial resolution as well, it is necessary to equate (3) and (4) and solve for some free parameter, chosen here to be the slat gap , which is then defined to be the slat gap resulting in the same axial resolution characterizing the pinhole: (11) This shows that it is impossible to match the axial resolution if the argument of the radical is negative. From a physical point of view, this results from the magnification reducing (i.e. improving) both the intrinsic and the geometric component of axial resolution in the case of the pinhole [see (3)]. A slitslat collimator lacks magnification and, thus, can improve its axial resolution only by narrowing the slat gap : this may not be enough to match the performance of the pinhole. Note that, unlike the pinhole collimator, the axial resolution of the slit-slat collimator is limited to the intrinsic resolution of the detector [see (4) ]. All these considerations are reflected in (11), which is real for (12) In these cases, can be used to replace in (2) to obtain sensitivity with axial resolution matching that of the pinhole. From (12) , this is always possible, of course, in a non-magnifying geometry , as is obvious from the discussion above, and if , i.e., in intuitive terms, if the resolution of the pinhole is not too fine. If , it is possible to place a point source sufficiently close to the aperture that magnification is so high that the axial resolution of the pinhole collimator improves too much for the slit-slat collimator to match the improvement. With these observations, from (1) and (2) the ratio of the average sensitivities over the entire FoV of a pinhole and slit-slat collimator is, for orbits far enough from the FoV for (1) and (2) to apply everywhere (13) where the outermost integral averages sensitivity over a polygonal orbit having sides [see (5) ].
If resolution is matched at the center of the FoV, it is possible to replace with (11) and reach (14) where , which is magnification at the center of the FoV. Since transverse resolution is also matched, it makes sense to define [for whose definitions see (3) and (4)]. Next, it is possible to derive from (3) that , which can be substituted into (12) and (14) to replace with if . Further, if , e.g., in the common case of low energy (15) with (12) yielding the condition . The factor in the brackets is only a function of the shape of the orbit (i.e. ) and the ratio , and is indicated with , where, by its definition, . We did not seek an analytical expression for in the general case of polygonal orbits because, if one exists, it is likely to be rather complex. For these orbits only numerical results were pursued. Valuable insights were gained from analytical treatment of the particular case of circular orbits, in which and the average over the orbit becomes unnecessary. The Appendix provides a summary of the derivation of an analytic form for . Further, if the aperture angle is assumed to be the minimum compatible with no truncation, and are directly connected because (see Section III-B) and becomes a sole function of , so that (16) where is used as shorthand for . can be used as a rescaling factor for the ratio of the sensitivities. The normalized ratio of the sensitivities depends only on and . This relationship is shown in Fig. 6 . The expression of is cumbersome. A useful approximation is , where is expressed in radians. Fig. 7 shows the range of applicability of this approximation, which is accurate to 1% between 61.9 and 116.6 , to 5% between 42.3 and 135.0 and to 10% between 29.2 and 146. 1 . Fig. 7 also shows numerical results for square, hexagonal and octagonal orbits, which are found not to deviate significantly from the circular orbit case, especially for practical values of . Fig. 3 (right) shows the ratio of the point-source sensitivity along a hexagonal orbit to the sensitivity along the reference circular orbit as the hexagon's size increases from tangent to the FoV to tangent to the reference circular orbit. Numerical calculations agree with analytical estimates and provide a first validation of the methods. As expected, a polygonal orbit performs best when it can be kept close to the FoV. For a given slit-slat collimator, there is no advantage over the circular orbit even if it were possible to scan along a polygonal orbit tangent to the FoV: along this orbit performance would be equivalent for the two orbits. Some advantage is present for a pinhole, but, as clearance increases, sensitivity along the polygonal orbit decreases, as expected from the inverse relationship between sensitivity and distance from the FoV. Since the circular orbit already allows a larger clearance, its radius remains fixed to the only radius considered for circular obits. Thus, the sensitivity ratio decreases. Fig. 3 also shows that, if a clearance of a little more than 1 mm must be allowed about a 15-mm-radius FoV, the polygonal orbit loses all advantage as breakeven with a circular orbit is reached. The faster decrease for a pinhole derives from its sensitivity being proportional to and, thus, decreasing more than that of a slit-slat collimator for increasing clearance. It is also expected, and Fig. 3 confirms, that for the maximum clearance considered (i.e. that allowed by the circular orbit) polygonal orbits have worse performance than circular orbits, confirming that the clearance range considered includes the breakeven point, if present. Fig. 4 presents similar results for the more relevant case of a disk source and the most favorable case for the polygonal orbit (square orbit for a pinhole-see Table I ). Note how the advantage vanishes if only 3 mm of clearance must be allowed. This is true regardless of resolution matching, which Fig. 4, unlike Fig. 3 , considers along with the non-matched case.
IV. RESULTS AND DISCUSSION
A. Same Collimator, Different Orbits
These first results are indicative of typical behavior and confirm that the sensitivity at the extremes of the clearance range considered includes most of the information conveyed by plots such as Fig. 3 and Fig. 4 . Instead of producing plots for the many cases considered, the sensitivity for different orbits and collimators for both ends of the range was summarized in Table I , which gives the absolute value of sensitivity for the polygonal orbit for both a point source at the center of the FoV and a disk source. The collimator parameters assumed are those mentioned in Section III-E.1. The next two columns provide the relative sensitivity when collimator parameters are the same on both orbits. The last two columns list the same ratio after rescaling sensitivity to match resolution as described in Section III-E.1. All MC results were within statistical uncertainty ( 1%) from the numerical results of Table I and, thus, are not reported.
Inspection of Table I suggests several observations. We consider first the case in which resolution is not matched. First, absolute sensitivity generally increases with . This is expected for the circular orbit because decreases and for the polygonal orbit because the corners of the polygonal orbits come closer to the FoV. Second, a polygonal orbit always gives better sensitivity than the corresponding circular orbit for a pinhole and ; under the same conditions a polygonal orbit gives at most the same sensitivity as a circular orbit for slit-slat collimation. Third, the prediction that at the center of the FoV the sensitivity of a slit-slat collimator is the same along a circular or a tangent polygonal orbit is confirmed. Also, relative sensitivity for a pinhole and a point source at the center of the FoV is indeed predicted by for ; for maximum clearance, for both collimators. Lastly, the prediction that for maximum the sensitivity ratio is less than 1 is verified.
Results at constant resolution for different orbits show that polygonal orbits always provide a sensitivity advantage at constant transverse (and axial for a slit-slat collimator) FoV for . Axial resolution was not matched across collimators and was, e.g., 1.32 mm and 3.73 mm at 15 mm, respectively for a pinhole and a slit-slat collimator along the largest hexagonal orbit. In the small-animal imaging configuration considered, the advantage is modest for a slit-slat collimator (at most 24%), but potentially significant for pinholes (as much as 146% in the case of a pinhole on a tangent square orbit around a disk source).
B. Different Collimator, Same Orbit
According to (12) , with the values of the parameters used for the case study presented here, resolution at the center of the FoV can be matched for different collimators on the same orbit only if mm (for mm) or mm (for mm). To allow a direct comparison between collimators the case was made of a detector with better intrinsic resolution than the clinical Anger camera considered so far. mm was assumed and the slit-slat sensitivity data of Table I scaled  by dividing by and multiplying by . The results for polygonal and circular orbits are both reported in Table II , again in the case of point and disk activity distributions. Sample MC data (for ) are also shown to validate the rescaling procedure.
The results of Table II show a consistent sensitivity advantage for the pinhole. This derives from the need to use very closely spaced slats to match axial resolution. However, it must be re-emphasized that this comparison involves only the plane of the orbit and that the two collimators have different axial FoV and data completeness properties, which should be considered for a comprehensive comparison.
C. Other Considerations
The conclusions above hold in a small-animal imaging geometry. The analysis developed in Section III-E.2 has removed scale factors and is thus suitable to attempt a more general conclusion. Inspection of Fig. 6 indicates that pinholes have better sensitivity for the same resolution in a magnifying geometry; the opposite is true in a minifying geometry. Application of this qualitative general principle, however, should take into account the factor . For circular orbits and typical values of (say, ) . Since , the advantage of the pinhole may be present also in some minifying conditions. From (16), the breakeven magnification for which sensitivity is the same for both collimators is (17)
For polygonal orbits, takes on systematically lower values, but remains consistently larger than 1. Thus, the result does not change qualitatively. Quantitatively, the advantage of the pinhole in minifying conditions will still be present, but will not be as large as for circular orbits.
Absolute sensitivity increases with increasing and, thus, increasing . For this reason, it is advantageous to use orbits with the largest practical for the application at hand. This is well known for pinholes and circular orbits. For triangular orbits, ; this is the largest practical aperture only in specialized applications. If a larger aperture is still practical, its use provides higher sensitivity. If can be used, as in most applications, a square orbit becomes available and provides better sensitivity: for a pinhole and a disk source, the parameters used in this study yield a sensitivity of and , respectively for triangular and square tangent orbits. For comparison, the sensitivity of the triangular tangent orbit for is . For this reason, triangular orbits were not considered further in this study; however, they may be of interest under different assumptions.
Numerical results not reported for brevity show that values of larger than those necessary for completeness increase the sensitivity of circular orbits (because of the smaller radius) more than that of polygonal orbits (because of reduced truncation). Thus, the choice made, for each polygon, of the smallest compatible with completeness is consistent with the best-case scenario for polygonal orbits assumed throughout.
Tangent polygonal orbits were considered in spite of the difficulty or impossibility of their implementation for their theoretical interest as the orbits favoring the sensitivity of polygonal orbits the most. Circular orbits were found to be a better alternative possibly in all practical cases. Another potential drawback of tangent polygonal orbits is the difficulty to perform stable image reconstruction throughout the FoV. In light of the sensitivity considerations, that tend to exclude the use of tangent polygonal orbits anyway, this aspect was not pursued any further.
A complete comparison involves several aspects: sensitivity and resolution are perhaps the most popular, but others, such as FoV and sampling completeness, are equally important. As already pointed out, in exchange for the limited axial resolution, the slit-slat collimator offers a much longer axial FoV, which is also completely sampled. For the configuration considered, the axial FoV at the center of the transaxial FoV was 51.4 mm at most (circular orbit circumscribed to a square orbit itself tangent to the FoV, mm) for a pinhole and the full axial FoV of the detector, 242.08 mm, for the slit-slat collimator. Further, long axial FoVs favor slit-slat collimation because sensitivity remains constant on all transaxial planes, unlike in pinhole collimation.
V. CONCLUSION
The choice of the best collimator for a given application should consider all of the parameters involved. Slit-slat collimation appears to be a competitive option when a relatively long axial FoV is needed; this is likely to include the case of mid-size objects, such as single-organ studies in adults, and mid-size animals. For small animals, pinhole (or multi-pinhole) collimation may be a better option, depending on the axial FoV needed.
The sensitivity of a pinhole and a slit-slat collimator were compared along polygonal and circular orbits. The performance of the same collimator along different orbits shows that polygonal orbits could result in sensitivity advantages only in the case of the pinhole collimator and only on very tight polygonal orbits. However, the advantage vanishes if, as is likely, a clearance of even only a few millimeters must be allowed to accommodate mechanical constraints such as animal pallet, heating and housing equipment. When comparisons are performed at constant resolution, the potential sensitivity advantage increases and could also be present for the slit-slat collimator, but the same observation on the necessary clearance leads to the same conclusion that it is unlikely that the advantage will be achieved in realistic cases. In summary, polygonal orbits offer only a theoretical advantage that will be difficult to achieve in practice.
Considering penetration complicates the theoretical model, which can be validated with straightforward changes in MC simulation. Modeling penetration for the common case of does not change qualitatively the results.
A theoretical comparison of a pinhole and a slit-slat collimator with the same resolution on the same orbit is possible for small-animal resolutions only for detectors with excellent intrinsic resolution. The comparison shows that the pinhole is likely to outperform the slit-slat collimator in magnifying geometry regardless of the shape of the orbit. This comparison assumed a volume of interest with a limited axial extent. If an imaging volume axially longer is needed, two potential disadvantages should be considered: reduced axial FoV and increased axial blurring outside the central plane due to data incompleteness. Their investigation is outside the scope of the analysis presented here.
APPENDIX
Since both integrals in (14) have analytic expressions for circular orbits, it is possible to have an exact expression for .
Briefly, the integrals can be calculated in the Cartesian coordinates and . Integration over is simple; the second integration involves reduction to elliptic integrals of the first, second and third kind. The definitions herein adopted are (18) (19) and (20) The result of the integration involves only the case . Thus, complete elliptic integrals can be used; following standard notation, these are and . Finally, with and :
This is a function of the only parameter and is shown in Fig. 7 , which also shows the results of numerical integration for validation. It is interesting to note that for a point source at the center of the FoV the integrals are readily obtained and yield (independent of ). Thus, the finding that is expected, because for the aperture is infinitely far from the FoV and a geometry equivalent to that of a point source is obtained.
Taylor expansion of (21) about, e.g., can be obtained numerically. The resulting expression was given in Section III-E.2 and is also shown in Fig. 7 . At higher energy, or if the slats must be kept very close to match axial resolution, the ratio in (14) should also be considered. It can be incorporated analytically in the expression of , which then becomes a function of the ratio as well.
